Biochem Biophys Res Commun by Tyurin, Vladimir A. et al.
Mass-spectrometric characterization of peroxidized and
hydrolyzed lipids in plasma and dendritic cells of tumor-bearing
animals
Vladimir A. Tyurina,*, Wei Caoc,*, Yulia Y. Tyurinaa, Dmitry I. Gabrilovichc,**, and Valerian E.
Kagana,b,**
aCenter for Free Radical and Antioxidant Health, Department of Environmental and Occupational
Health, University of Pittsburgh, Pittsburgh, PA
bDepartment of Pharmacology and Chemical Biology, University of Pittsburgh, Pittsburgh, PA
cDepartment of Immunology, H. Lee Moffitt Cancer Center, Tampa, FL
Abstract
Dendritic cells are the most potent antigen presenting cells responsible for the development of
immune responses in cancer. However, it is known that the function of dendritic cells in tumor-
bearing hosts is severely compromised. Our previous studies demonstrated that the defects in
dendritic cell function are due, to a large extent, to the accumulation of high amounts of lipids –
predominantly triglycerides – in a substantial proportion of dendritic cells in tumor-bearing mice
and patients with cancer. The dendritic cells accumulation of lipids is likely associated with their
up-regulation of a scavenger receptor A. This receptor is primarily responsible for uptake of
modified lipids. Here, by using different versions of liquid-chromatography mass-spectrometry,
we identified several molecular species of oxygenated lipids in plasma of tumor-bearing animals
that may be responsible for their uptake and accumulation by dendritic cells via scavenger
receptor A-dependent pathway – the effect that may be associated with the loss of dendritic cell's
immune surveillance function in cancer.
Introduction
Dendritic cells (DC) are most potent antigen presenting cells responsible for the
development of immune responses against cellular antigens and various pathogens. In
cancer, DC's function is to “instruct” the ensuing immune response through their ability to
acquire, process, and present tumor-associated antigens to T cells for the induction of
antigen-specific tumor immune responses. It appears, however, that this function of both
circulating and tumor infiltrating DC is substantially affected [1]. Complex interactions of
cancer cells with the host organism result in the beneficial for tumor growth tolerant
microenvironment and activation of an immunosuppressive network in which erroneous
© 2011 Elsevier Inc. All rights reserved.
Address for correspondence: Valerian E. Kagan, Department of Environmental and Occupational Health, University of Pittsburgh,
Bridgeside Point, 100 Technology Drive, Room 330, BRIDG, Pittsburgh, PA 15219-3130, Phone: (412) 624-9479, Fax: (412)
624-9361, kagan@pitt.edu.
*these authors contributed equally to this work
**senior authors contributed equally to this work
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
NIH Public Access
Author Manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 September 16.
Published in final edited form as:













functions of DC may play a prominent role in counteractive immune responses [2]. Our
previous studies revealed that the defects in DC function are due, to a large extent, to the
accumulation of high amounts of lipids – predominantly triacylglycerols (TAG) – in a
substantial proportion of DC in tumor-bearing mice and patients with cancer [3]. The DC
accrual of lipids is likely associated with their preferential upregulation of a scavenger
receptor A (SRA1, CD204 or MSR1) [3]. This multifunctional receptor has been shown to
bind a broad variety of negatively-charged ligands, including oxidized LDL, anionic
phospholipids, (eg, phosphatidylserine), oxidized phospholipids as well as products of their
hydrolysis by phospholipases A2 (PLA2) (eg, lysophosphatidylcholines (lyso-PC), fatty
acids and oxygenated fatty acids [4]. Based on these considerations, we hypothesized that
peroxidized lipids are essential for the SRA1-driven lipid accumulation in DC of tumor-
bearing animals. To the best of our knowledge, assessments and characterization of
peroxidation products in major classes of lipids in plasma of tumor-bearing animals,
particularly with respect to their interactions with SRA1 and translocation to DC, has not
been previously addressed. Here, by using different versions of liquid-chromatography
mass-spectrometry (LC/MS), we identified several molecular species of oxygenated lipids in
plasma of tumor-bearing animals that may be responsible for their uptake and accumulation
by DC via SRA1-dependent pathway – the effect that may be associated with the loss of
DC's immuno-surveillance function in cancer.
Materials and Methods
Mice and tumor models
C57BL/6 mice were obtained from Harlan Laboratories (Indianapolis, IN, USA). Msr1−/−
mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). For in vivo
experiments naïve C57BL6 and EL-4 tumor-bearing C57BL6 mice were used. For tumor
explant supernatants (TES) generation, EL-4 lymphoma cell line was used.
Generation and isolation of dendritic cells
In vivo, DC were purified from spleen of C57BL/6 naïve tumor-free and EL-4 tumor-
bearing mice using biotinylated CD11c specific antibody (BD Pharmingen) and magnetic
beads (Miltenyi Biotec). For in vitro generation of DC, hematopietic progenitor cells (HPC)
were isolated from bone marrow of tumor-free mice using lineage cell depletion kit
(Miltenyi Biotec) and cultured for 3 days in completed RPMI1640 medium supplemented
10% FCS, antibiotics and 10 ng/mL granulocyte macrophage colony stimulated factor (GM-
CSF) (Peprotech). After that time, the medium was replaced with the one containing 20% v/
v TES. After 2 additional days of incubation DC were isolated using CD11c antibody and
magnetic beads. TES were prepared by excising unulcerated EL-4 tumors approximately 2
cm in diameter. Tumors were bathed in 70% isopropanol for 30 seconds and minced into
pieces <3mm in diameter and digested in 2mg/mL collagenase Type D/IV at 37°C for one
hour. The digested tissue pieces were then pressed through a 70μm mesh screen to create a
single cell suspension. Cells were washed with PBS and resuspended in RPMI 1640
supplemented with 20 mM N-2-hydroxyl piperazine-N′-2-ethanesulfonic acid, 2 mM L-
glutamine, 200 U/mL penicillin plus 50 μg/mL streptomycin, and 10% FBS. Cells were
cultured overnight at 107cells/mL and the cell free supernatant collected.
Analysis of lipids
Total lipids were extracted from plasma and DC by Folch procedure [5] and analyzed by
using a Dionex Ultimate™ 3000 HPLC coupled on-line to ESI and a linear ion trap mass
spectrometer (LXQ Thermo-Fisher). Simultaneous LC/ESI-MS analysis of free fatty acids
(FFA) and their oxidation products was performed as follows. Aliquots of extracted lipids (5
μL) were injected into a C18 reverse phase column (Luna, 3 μm, 150 × 2 mm). Gradient
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solvents (A - tetrahydrofuran/methanol/water/CH3COOH, 25:30:50:0.1 (v/v/v/v) and B -
methanol/water 90:10 (v/v)) containing 5 mM ammonium acetate at a flow rate of 0.2 mL/
min were used. The column was eluted during first 3 min isocratically at 50% B, from 3 to
23 min with a linear gradient from 50% solvent B to 98% solvent B, then 23-40 min
isocratically using 98% solvent B, 40-42 min with a linear gradient from 98% solvent B to
50% solvent B, 42-28 min isocratically using 50% solvent B for equilibration of the column.
MS spectra were acquired in negative ion mode using full range zoom (200-400 m/z).
The LC/ESI-MS analysis of TAG was performed using gradient solvents as previously
described [3]. The analysis was performed using gradient solvents (A - methanol and B - 2-
propanol) containing 0.1% ammonium hydroxide. The column was eluted during the first 6
min linear gradient 0-3% solvent B, from 6 to 18 min isocratic at 3% solvent B, from 18 to
35 min with a linear gradient from 3 to 40% solvent B, then 35–40 min isocratic using 40%
solvent B, 40-80 min with a linear gradient from 40 to 55% solvent B, 80-83 min isocratic
using 55% solvent B, then 83-85 min with linear gradient 55-0% solvent B, 85-90 min
isocratic at 0% solvent B for equilibration of the column. MS spectra were acquired in
positive ion mode using range zoom (500 - 1000 m/z). TAG cations were formed through
molecular ammonium adduction (TAG+NH4).
Phospholipids and their hydrolysis products, lysophopsholipids, were analyzed as previously
described [6]. The lipids were separated on a normal phase column (Luna 3 μm Silica 100A,
150×2 mm, (Phenomenex, Torrance CA)) with flow rate 0.2 mL/min using gradient solvents
containing 5 mM CH3COONH4 (A – n-hexane: 2-propanol: water, 43:57:1 (v/v/v) and B -
n-hexane: 2-propanol: water, 43:57:10 (v/v/v). MS spectra were acquired in negative ion
mode using full range zoom (200-1600 m/z).
To quantitatively assess lipids contents the following standards were used: oxidized fatty
acids - 13S-OOH-9Z,11E-octadecadienoic acid, 9-OH-10E,12Z-octadeacadienoic acid, 15S-
OOH-5Z,8Z,11Z13E-eicosatetraenoic acid, 12S-OH-5Z,8Z,10E,14Z-eicosatetraenoic acid,
8S-OH-4Z,6E,10Z-hexadecatrienoic acid, 16-OH-4Z,7Z,10Z,13Z,17E,19Z-
docosahexaenoic acid from Cayman chemicals (Ann Arbor, MI); TAG internal and
reference standards were from Supelco (Bellefonte, PA), lyso-phopsholipid (1-
octadecanoyl-sn-glycero-3-phosphocholine) was from Avanti Polar Lipids Inc (Alabaster,
AL).
Statistics
The results are presented as means ± S.D. values from at least three experiments, and
statistical analyses were performed by either paired/unpaired Student's t-test or one-way
ANOVA. The statistical significance of differences was set at p< 0.05.
Results and Discussion
To identify possible sources of lipids taken-up by the DC of tumor-bearing animals, we
performed lipidomics/oxidative lipidomics analysis via LC/MS characterization of the likely
candidates – peroxidized fatty acids, TAG and lysophospholipids. As a part of this task, we
developed a protocol for simultaneous detection of non-oxidized and oxidized FFA using
reverse-phase liquid chromatography (Fig. 1A). By using this protocol we comparatively
quantified the contents of FFA in plasma and DC of control and EL-4 tumor-bearing mice
(3-4 weeks after tumor inoculation with tumor size around 1.5 cm in diameter). We found
significant amounts of highly oxidizable polyunsaturated FFA which were represented
mostly by C18:2, C18:3, C20:4 and C22:6 species (Fig. 1B, C). Their contents were slightly but
significantly higher in EL-4 tumor-bearing animals than in control mice. Both plasma and
DC contained oxygenated species derived from these polyunsaturated FFA whereby their
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levels were significantly higher in EL-4 tumor-bearing mice than in controls (Table 1). To
identify the oxygenated FFA species we performed their MS/MS analysis and, based on
their characteristic fragmentation profiles, established that they were represented by 13-
HODE and 9-HODE (m/z 295), 12-HETE (m/z 319), tetranor-12-HETE (m/z 265), and 16-
HDoHE (m/z 343). In addition, oxygenated fatty acids with m/z 311, 325 and 335, 367
corresponding to C18:2 containing two and three oxygens and C20:4 with two and four
oxygens, respectively, were also detected in plasma and DC from EL-4 tumor bearing mice
but their contents were comparable to those found in normal mice (Fig. 2).
To determine the extent to which SRA1 might be involved in the uptake and intracellular
transport of peroxidized FFA we assessed their content in DC generated from wild-type and
Msr1−/− HPC in vitro in complete culture medium supplemented with GM-CSF or TES. As
shown on Fig. 3, markedly reduced levels of all four characterized oxygenated FFA were
found in DC from k/o mice vs those detected in wild-type animals. These data indicate that
SRA1, indeed, was significantly involved in the uptake of oxidatively modified FFA by DC
in the presence of tumor-derived factors contained in TES.
Further, we estimated whether oxygenated FFA in DC were esterified into the most
abundant class of neutral lipids accumulating in DC of EL-4 tumor bearing animals, TAG.
One of molecular species of TAG with m/z 848 – C16:1/C16:0/C18:1 – was present in DC
from both control and EL-4-bearing mice (Fig. 4A) (its content was 1.5 higher in the latter,
Fig. 4B). Detailed analysis of TAG species with this m/z (848) using reversed phase LC
revealed the presence of an oxygenated TAG species containing C18:2-OH - C16:1/C18:2-OH/
C15:0 (Fig. 4A). The structure of this oxygenated TAG was confirmed by MS/MS analysis
with a typical fragment C18:2-OH (HODE with m/z 295) (Fig. 4A, insert). Notably, the
peroxidized TAG species was present only in DC from tumor-bearing mice (Fig. 4B).
Oxygenated lipids, particularly phospholipids, can be avidly hydrolyzed by specific PLA2
(type VIIA) – known to be secreted by monocytic cells [7,8]. Assuming that peroxidized
phospholipids, particularly phosphatidylcholine (PC), may be present in plasma, we were
interested to examine the levels of lyso-PC in plasma and DC of EL-4 tumor-bearing mice.
LC-MS analysis did not reveal significant differences in the levels of lyso-PC species in
plasma and DC from EL-4 tumor-bearing hosts and control mice (data not shown).
One of the means by which tumor cells implement the host immune-surveillance evasion is
through suppression of DC recognition and antigen-presenting function [1]. We
demonstrated that this is due, at least in part, to the DC's enrichment with neutral lipids,
specifically TAG [3]. The accumulation of lipids might be due to their increased synthesis or
stem from increased lipid uptake from the circulation. The dependence of this effect on the
expression of SRA1 suggests that the second explanation is more likely. Overall, our
findings indicate that the presence of oxygenated species of lipids in plasma of EL-4 tumor-
bearing animals may be responsible for their uptake by DC possibly resulting in the loss of
their immuno-surveillance function.
References
1. Gabrilovich D. Mechanisms and functional significance of tumour-induced dendritic-cell defects.
Nat Rev Immunol. 2004; 4:941–952. [PubMed: 15573129]
2. Rabinovich GA, Gabrilovich D, Sotomayor EM. Immunosuppressive strategies that are mediated by
tumor cells. Annu Rev Immunol. 2007; 25:267–296. [PubMed: 17134371]
3. Herber DL, Cao W, Nefedova Y, Novitskiy SV, Nagaraj S, Tyurin VA, Corzo A, Cho HI, Celis E,
Lennox B, Knight SC, Padhya T, McCaffrey TV, McCaffrey JC, Antonia S, Fishman M, Ferris RL,
Kagan VE, Gabrilovich DI. Lipid accumulation and dendritic cell dysfunction in cancer. Nat Med.
2010; 16:880–886. [PubMed: 20622859]
Tyurin et al. Page 4













4. de Winther MP, van Dijk KW, Havekes LM, Hofker MH. Macrophage scavenger receptor class A:
A multifunctional receptor in atherosclerosis. Arterioscler Thromb Vasc Biol. 2000; 20:290–297.
[PubMed: 10669623]
5. Folch J, Lees M, Sloane Stanley GH. A simple method for the isolation and purification of total
lipides from animal tissues. J Biol Chem. 1957; 226:497–509. [PubMed: 13428781]
6. Tyurin VA, Tyurina YY, Ritov VB, Lysytsya A, Amoscato AA, Kochanek PM, Hamilton R,
Dekosky ST, Greenberger JS, Bayir H, Kagan VE. Oxidative lipidomics of apoptosis: quantitative
assessment of phospholipid hydroperoxides in cells and tissues. Methods Mol Biol. 2010; 610:353–
374. [PubMed: 20013189]
7. Wilensky RL, Shi Y, Mohler ER 3rd, Hamamdzic D, Burgert ME, Li J, Postle A, Fenning RS,
Bollinger JG, Hoffman BE, Pelchovitz DJ, Yang J, Mirabile RC, Webb CL, Zhang L, Zhang P,
Gelb MH, Walker MC, Zalewski A, Macphee CH. Inhibition of lipoprotein-associated
phospholipase A2 reduces complex coronary atherosclerotic plaque development. Nat Med. 2008;
14:1059–1066. [PubMed: 18806801]
8. Davis B, Koster G, Douet LJ, Scigelova M, Woffendin G, Ward JM, Smith A, Humphries J,
Burnand KG, Macphee CH, Postle AD. Electrospray ionization mass spectrometry identifies
substrates and products of lipoprotein-associated phospholipase A2 in oxidized human low density
lipoprotein. J Biol Chem. 2008; 283:6428–6437. [PubMed: 18165686]
Tyurin et al. Page 5













• Elevation of oxygenated fatty acids in plasma of tumor-bearing mice.
• Accumulation of oxygenated fatty acids in dendritic cells of tumor-bearing
mice.
• MS detection of oxygenated linoleic, arachidonic and docosahexaenoic acids.
• Decreased uptake of oxygenated fatty acids in Msr1−/− dendritic cells.
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LC/ESI-MS analysis of FFA molecular species isolated from plasma and DC from C57BL/6
naïve tumor-free and EL-4 tumor-bearing mice. Typical LC/ESI-MS profile of FFA (A) and
oxidized FFA (FFAox) (A, insert) from plasma of EL-4 tumor-bearing mice. Content of
non-oxidized FFA in mouse plasma (B) and DCs (C). Open bars – naïve mice, closed bars -
tumor bearing mice. Data are mean ± SD of at least three experiments. *P<0.05 in samples
from tumor bearing mice vs naïve mice.
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Identification of oxidized FFA. LC/ESI-MS reconstructed profiles of hydroxy-FFA isolated
from plasma of EL-4 tumor-bearing mice (left panels) and their MS/MS spectra (right
panels). Possible structures of hydroxy-FFA are presented as inserts. A - molecular ion with
m/z 295 corresponding to C18:2–OH (a mixture of 13S-HODE and 9S-HODE). B -
molecular ion with m/z 319 corresponding to C20:4–OH (12S-HETE). C - molecular ion
with m/z 265 corresponding to tetranor-C20:4–OH (tetranor-12S-HETE). D - molecular ion
with m/z 343 corresponding to C22:6–OH (16-HDoHE).
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Levels of oxygenated FFA in DC isolated from C57BL/6 naïve and C57BL6/Msr1−/− mice.
DCs were maintained either in complete medium supplemented with GM-CSF or in the
same medium containing TES as described in the Methods section.
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LC/ESI-MS analysis of TAG molecular species in DC isolated from C57BL/6 naïve tumor-
free and EL-4 tumor-bearing mice. LC/ESI-MS reconstructed profiles (A) of TAG
molecular species with m/z 848 from naïve and EL-4 tumor bearing (TB) mice. MS/MS
spectrum (in the range of m/z from 530 to 600) of TAG with m/z 848 from DC isolated from
TB (insert). Quantitative assessment of non-oxidized (B) and oxidized (C) TAG with m/z
848 in DC. Note that oxidized TAG molecular species with m/z 848 corresponding to C16:1/
C18:2-OH/C15:0 were detected in DC from EL-4 tumor bearing mice only. Data are mean ±
SD. *P<0.05 vs DC from naïve mice.
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Table 1
Content of free fatty acid oxidation products in plasma and DC from C57BL/6 naïve
tumor-free and EL-4 tumor-bearing mice
Name Plasma, (FFAox, nmol/mL) DC, (FFAox, pmol/106 cells)
Naïve EL-4 tumor bearing Naïve EL-4 tumor bearing
HODE 0.16±0.07 0.25±0.02* 0.67±0.05 1.38±0.17*
12-HETE 3.68±0.44 6.76±0.94* 0.06±0.01 0.23±0.07*
Tetranor-12-HETE 0.21±0.08 0.31±0.08 3.90±0.35 6.03±0.72*
16-HDoHE 0.05±0.02 0.12±0.03 0.15±0.02 0.17±0.02
Data are Mean ± SD.
*
p<0.05 vs naïve mice
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